ABSTRACT: Overweight is a risk factor for osteoarthritis on the knees. Subchondral trabecular bone (SCTB) densification has been shown to be associated with cartilage degeneration. This study analyzed the microarchitectural changes in the SCTB of tibial plateaus to validate the hypothesis that the degree of remodeling is correlated with a patient's body weight. Twenty-one tibial plateaus were collected during total knee arthroplasty from 21 patients (15 women and 6 men). These patients had a mean age of 70.4 years (49-81), mean weight of 74.7 kg (57-93) and mean body mass index (BMI) of 28.4 kg/m 2 (21.3-40.8). One cylindrical plug was harvested in the center of each tibial plateau (medial and lateral). Micro-CT parameters (7.4 mm resolution) were determined to describe the SCTB structure. On the medial plateau, there were significant correlations between BMI and bone volume fraction BV/TV (r ¼ 0.595, p ¼ 0.004), structure model index SMI (r ¼ À0.704 p ¼ 0.0002), trabecular space Tb.Sp (r ¼ 0.600, p ¼ 0.04) and trabecular number Tb.N (r ¼ 0.549, p ¼ 0.01). SCTB densification during osteoarthritis is associated with a reduction in its elastic modulus, which could increase cartilage stress, and accelerate cartilage loss. SCTB densification has been shown to precede cartilage degeneration. The correlation of SCTB microarchitecture and body weight may explain why knee osteoarthritis is more common in overweight or obese patients. Keywords: osteoarthritis; obesity; weight; subchondral bone; microstructure Osteoarthritis of the knee can lead to severe functional disability. The risk of knee osteoarthritis increases greatly with age: the prevalence is 5% at age 55 but increases to 40-50% in those over 80 years of age.
Osteoarthritis of the knee can lead to severe functional disability. The risk of knee osteoarthritis increases greatly with age: the prevalence is 5% at age 55 but increases to 40-50% in those over 80 years of age. 1 Many factors beyond age and physiological aging of the joint have been identified to explain the complex, multifactorial pathophysiology of knee osteoarthritis. 2 A patient's body weight is one of the main predisposing factors. This has been confirmed by the statistical relationship between excess weight and early, rapid development of knee osteoarthritis. 1, 3 Being overweighted (BMI > 25) 4 places excessive mechanical loads on a person's knees 5 and contributes to degenerative arthritis of the knee. The pathophysiology of this phenomenon is not well defined. Densification of subchondral trabecular bone (SCTB) is a classic radiographic sign of osteoarthritis, no matter which joint is affected. It is very clearly visible at the proximal tibial on standard radiographs in knee osteoarthritis patients. In terms of micro-architecture, this translates to changes in microstructural parameters that can be analyzed by micro-computed tomography (micro-CT): increase in the bone volume fraction (BV/TV), increase in trabecular thickness (Tb.Th) and reduction in the structure model index (SMI). [6] [7] [8] In parallel, studies have demonstrated that a chronological relationship 9 or association 10 exists between changes in these microarchitectural parameters and the development of osteoarthritis in animal models. Thickening of subchondral bone and increases in Tb.Th and BV/TV precede chondrocyte apoptosis and cartilage degeneration. Subchondral bone remodeling may be a factor leading to chondrocyte apoptosis. 9 Microarchitectural remodeling of subchondral bone may be the link between excess weight and knee osteoarthritis.
We hypothesized that in knee osteoarthritis, the magnitude of SCTB microarchitectural changes and remodeling in the tibial plateaus are correlated with a patient's weight. The primary objective of this study was to determine if a correlation exists between tibial plateau SCTB microstructural changes and body weight. The secondary objective was to verify the correlation between microarchitectural parameters and other patient patterns.
MATERIALS AND METHODS

Patient Selection
After gaining approval from our institutional review board and obtaining informed consent from our patients, 21 tibial plateaus were collected during total knee arthroplasty (TKA) from 21 patients who had been diagnosed with primary knee osteoarthritis based on clinical and radiographic criteria. Any medical and surgical histories were noted. Patients were excluded if the TKA indication was something other than primary osteoarthritis (e.g., rheumatoid arthritis, osteonecrosis, posttraumatic osteoarthritis), there was a history of tibial and/or femoral osteotomy or of long-term corticosteroid therapy or bisphosphonate treatment. The patient's weight and height were recorded preoperatively and the BMI calculated, making sure that the patient's weight had not changed during the year leading up to the surgery. Patients underwent a preoperative radiographic assessment consisting of standard A/P and lateral radiographs, and schuss view of the knee (A/P view with patient standing on single leg in 30˚flexion) to confirm the presence of osteoarthritis and its stage. There were 15 women and 6 men. The mean age at the time of surgery was 70.4 AE 9 years (49-81). Eleven patients were less than 70 years old (young subgroup) and 10 were more than 70 years old (old subgroup). The mean weight was 74.7 AE 10.8 kg (57-93) and the mean height was 163 AE 9 cm (150-184). The mean BMI was 28.1 AE 4.8 kg/m 2 (21.3-40.8); five patients had a normal weight (BMI 25), 11 patients were overweight (25 < BMI 30) and five were obese (BMI > 30).
Specimen Preparation
The tibial plateaus were harvested during knee surgery cutting perpendicular to tibia axis on the proximal epiphysis. Samples were frozen for storage at À18˚C. One cylindrical plug was harvested by drilling the frozen bone in the center of the medial and lateral parts of each tibial plateau. Each specimen was 10 mm in diameter to ensure that sufficient bone tissue was available to obtain reliable numerical data and avoid cutting-related artifacts. The region of interest was the central weight-bearing portion. The orientation of the cylindrical plug was carefully checked to ensure that the longitudinal axis of the tibia corresponded to that of the cylindrical specimen.
Microstructural Analysis
A micro-CT system (Skyscan 1 1174, Bruker micro-CT, Kontich, Belgium) was used to determine the microarchitecture of the tibial plateau's SCTB. Each specimen was placed in a cylindrical sample holder in Ringer's solution to prevent movement and changes in the micro-CT parameters due to drying during the scanning process. Each plug was scanned continuously in 7.4 mm thick slices. The voxel size was 7.4 Â 7.4 Â 7.4 mm. Boundaries and cartilage zones were carefully excluded to avoid artifacts. The regions of interest (ROI, 8,5 mm in diameter and 5 mm in height) were located in the center of the SCTB of the specimen under the tibial plateau's subchondral plate, which was excluded from the analysis. The same procedure was used to select all the ROIs in all plugs. The following three-dimensional parameters were used to describe the SCTB structure: bone volume fraction (BV/TV); specific bone surface (BS/BV); trabecular number (Tb.N); trabecular thickness (Tb.Th); trabecular separation (Tb.Sp); trabecular pattern factor (Tb.Pf); degree of architectural anisotropy (DA), and structure model index (SMI).
Statistical Analysis
Calculations were performed with Statview 1 software (SAS Institute Inc., Cary, NC). Nominal variables were reported as sample sizes and percentages. Continuous variables were described by the mean, standard deviation, maximum and minimum. Normal data distribution was verified. The groups were compared with an independent Student's t-test if the data were normally distributed and a nonparametric test if they were not. A Chi-square test was performed on nominal variables if the expected frequencies were five or more; if not, a Fischer's exact test was carried out. Correlations r were determined using Pearson or Spearman correlation or determination coefficients r 2 with 95% confidence intervals. The significance threshold was set at p < 0.05.
RESULTS
The radiographs identified 14 cases of predominantly medial osteoarthritis with varus deformity and seven cases of predominantly lateral osteoarthritis with valgus deformity. The entire set of preoperative clinical and radiological data is presented in Table 1 .
The results of the micro-CT analysis of the medial and lateral plateaus are given in Table 2 (BV/TV, BS/ BV, SMI, Tb.Th, Tb.N, Tb.Sp, Tb.Pf). There was no significant gender difference in the mean values (p > 0.05) for any of the microarchitectural data, either medially and laterally; therefore, the data were pooled for the remaining analyses.
Weight and BMI were significantly correlated to microarchitectural parameters in the medial plateau (BV/TV, SMI, Tb.Th, Tb.N) ( Table 3 ). There were strong correlations between BMI and BV/TV (r ¼ (Fig. 1A , B, and C; Fig. 2A and B) . Some of the microarchitectural parameters in the medial tibial plateau varied based on patient weight (Table 4 and Fig. 3A and B) . However, none of the endostructure pattern was significantly correlated with the patient's height. None of the parameters measured in the lateral plateau samples were correlated with height, weight or BMI.
Porosity tended to increase with age (r ¼ 0.558, p ¼ 0.016) in the medial tibial plateaus. This was associated with a significant decrease in Tb.N (r ¼ À0.384, p ¼ 0.08) ( Fig. 4A and B; Fig. 5A and B 
DISCUSSION
To our knowledge, this is the first study showing a significant correlation between changes in various microarchitectural parameters and the weight of patients with knee osteoarthritis. These correlations are even stronger when BMI is taken into account. Wen et al. 11 evaluated the effect of type 2 diabetes mellitus (T2DM) and hypertension on bone mineral density (BMD) of the subchondral plate and SCTB porosity in the medial plateau of arthritic knees. In their study, 79% of patients were overweight or obese, 63% suffered from hypertension and 30% had T2DM. Hypertension and T2DM were associated with a significant reduction in the subchondral plate BMD and an increase in the SCTB porosity. They also found a significant decrease in subchondral plate BMD and an increase in SCTB porosity as BMI increased. These results differ from those in the current study. We found an increase in the bone volume fraction (BV/TV) and trabecular thickness and intertrabecular connectivity as BMI increased. Our study showed a direct relationship between remodeling of the tibial plateaus in arthritic knees and body weight; excess weight places additional demands on the bone to which it must adapt mechanically. The limits of our study were BV/TV, bone volume fraction; BS/BV, specific bone surface; SMI, structure model index; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Pf, trabecular pattern factor.
BMI AND TIBIAL ENDOSTRUCTURE IN KNEE OSTEOARTHRITIS
the absence of non-arthritic young or old people as witness and the little numbers of cases but our results confirm our hypothesis that a patient's weight and BMI affect the SCTB microstructure (Table 3) . While an increase in body weight is associated mainly with an increase in trabecular thickness (Tb.Th), intertrabecular connectivity (Tb.Pf) and bone volume fraction (BV/TV) in arthritic knees, the number of trabeculae decreases (Tb.N) and trabecular separation (Tb.Sp) increases, resulting in significantly lower bone bone volume fraction (BV/TV) with age. The correlation between age and these microarchitectural data has already been demonstrated. [12] [13] [14] In healthy knees, these age- related changes affect both tibial plateaus in a similar manner. 13 Ding et al. 14 found a reduction in trabecular thickness (Tb.Th) and an increase in the SMI (to a more rod-like structure) especially after 60 years of age. They reported no significant decrease in the number of trabeculae (Tb.N). This was associated with a significant decrease in the SCTB mechanical properties in these subjects with a reduction in stiffness and Young's modulus. 15 Chen et al. 16 had similar findings in an Asian population but also found this decrease to be lesser in men than women. In the current study, these differences were found only in the medial tibial plateaus, while Ding et al. 12 had found this in both the medial and lateral condyles. In early osteoarthritis, these changes are mainly found in the most damaged compartment. 6 We hypothesized that in knee osteoarthritis, the magnitude of SCTB microarchitectural changes and remodeling in the tibial plateaus are correlated to patient weight. This could explain the high prevalence of knee osteoarthritis in overweight and obese patients. This led us to analyze the SCTB microarchitectural parameters in the tibial plateaus of arthritic knees based on weight and BMI. The values were similar and consistent with those found by other groups for arthritic tibial plateaus. [6] [7] [8] 18 The small differences between this and certain other studies can be attributed to the higher voxel size used in the current study (7.4 mm) versus 15 mm for Chen et al. 16 22 mm for Ding et al. 6 26 mm for Patel al. 18 or 22 mm for Ding 14 . The micro-CT system used in the current study has similar reliability to other systems. Prospective studies have shown that obesity and excess weight are risk factors for knee osteoarthritis. 2, 17, 3 They are also risk factors for abnormal lower limb alignment, as this places excessive loads on the tibial plateaus. 5, 20 These excessive loads, no matter the cause, induce premature cartilage wear, probably by direct action. However, the pathophysiology is more complex and involve many other indirect phenomena. 2 Studies have already related SCTB thickening and densification with cartilage deterioration in rabbit and mouse OA models. 21, 22 Mechanically, there is a decrease in the SCTB modulus of elasticity in the tibial plateau of arthritic knees, 23 and some researchers have suggested that the lower SCTB modulus can increase cartilage stress and accelerate cartilage loss. 24 In an animal OA model 9 it has been shown that SCTB densification precedes chondrocyte apoptosis and cartilage degradation. This suggests that chondrocyte apoptosis could be a consequence of subchondral bone remodeling, 9 however the pathophysiology of this effect is not known. Articular cartilage and subchondral bone are a functional unit. 25 Any structural and biochemical changes in one structure will affect the homeostasis of the other. 11, 26 The current study confirms the intricacy of many phenomena in the appearance and development of osteoarthritis. The increase in the frequency of knee osteoarthritis with age 1 in the absence of other predisposing factors shows that physiological aging processes contribute to cartilage degeneration. The higher occurrence of knee osteoarthritis in overweight and obese individuals, or those with lower limb misalignment, shows that associated mechanical phenomena are important. The role of the subchondral bone in the initiation and progression of osteoarthritis has already been demonstrated. 2, 17, 27 Burr and Gallant 2 believe that subchondral bone densification is not the initiating factor for cartilage degradation and that it does not act in isolation to allow disease progression. The correlation between SCTB microarchitectural changes and weight and the demonstrated temporal relationship, in which SCTB densification precedes cartilage degeneration, may explain the higher frequency of knee osteoarthritis in younger, overweight patients.
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